Abstract. Alzheimer's disease (AD) is the most common neurodegenerative disorder and is being intensively investigated using a broad variety of animal models. Many of these models express mutant versions of human amyloid-␤ protein precursor (A␤PP) that are associated with amyloid-␤ protein (A␤)-induced early onset familial AD. Most of these models, however, do not develop bold neurodegenerative pathology and the respective phenotypes. Nevertheless, this may well be essential for their suitability to identify therapeutically active compounds that have the potential for a curative or at least disease-modifying therapy in humans. In this study, the new transgenic mouse model TBA2.1 was explored in detail to increase knowledge about the neurodegenerative process induced by the presence of pyroglutamate modified human A␤ 3-42 (pEA␤ 3-42 ). Analysis of the sensorimotor phenotype, motor coordination, A␤ pathology, neurodegeneration, and gliosis revealed formation and progression of severe pathology and phenotypes including massive neuronal loss in homozygous TBA2.1 mice within a few months. In contrast, the start of a slight phenotype was observed only after 21 months in heterozygous mice. These data highlight the role of pEA␤ 3-42 in the disease development and progression of AD. Based on the findings of this study, homozygous TBA2.1 mice can be utilized to gain deeper understanding in the underlying mechanisms of pEA␤ 3-42 and might be suitable as an animal model for treatment studies targeting toxic A␤ species, complementary to the well described transgenic A␤PP mouse models.
INTRODUCTION
Alzheimer's disease (AD) is the most common neurodegenerative disorder. The major postmortem pathological hallmarks of the disease are the progressive neurodegeneration, hyperphosphorylated tangles of the tau protein, and amyloid-␤ (A␤) containing plaques [1, 2] . Several studies claim soluble oligomers of A␤ as the relevant pathogen for development and progression of AD [3] . Monomeric A␤ is constantly produced by cleavage of the amyloid-␤ protein precursor (A␤PP) by ␤-and ␥-secretase and aggregates in a series of different species from oligomers to fibrils and to the formation of plaques [4, 5] . It was suggested that the oligomerization of A␤ leads in a cascade to synaptic dysfunction, hyperphosphorylated tangles of the tau protein, neurodegeneration, and finally dementia [3] . Different A␤ species have been identified in brains of AD patients, by which A␤ and A␤ are the most common. Despite those isoforms, N-terminal truncated species are also dominantly found in AD brains. The most common N-terminal truncated A␤ species are pyroglutamate-modified A␤ peptides (pEA␤), which represent about 10 to 20% of total A␤ isolated from vascular amyloid deposits and up to 50% of the A␤ peptides present in purified amyloid plaque cores [6] . It is well known that pEA␤ has an enhanced oligomerization tendency and is more neurotoxic compared to A␤ [7] [8] [9] . Moreover, it is resistant against degradation, and is able to impair long-term potentiation. Besides several potential posttranslational modifications (PTM) of A␤, pEA␤ is the only PTM for which an immunotherapy has been developed and already tested in humans [10] .
To gain deeper insight into the disease mechanisms, the use of AD animal models in research is highly relevant and thus far without alternative. However, most of the models used do not show any neurodegenerative pathology, which is certainly a major disadvantage for their use in the development of curative medications. In this study, we used the new mouse model TBA2.1, exhibiting a motor neurodegenerative phenotype induced by the neuronal presence of N-terminal truncated and pyroglutamated A␤ (pEA␤ ) [11] . Several studies have shown that with the beginning of the preclinical stage of AD, humans also develop deficiencies in the motor function after first cognitive impairments [12] [13] [14] . This implies lower muscle bulks and lower muscle strength, especially the grip strength is affected, but also restrictions in motor learning. Therefore, the relation between the motor disorder and the presence of pEA␤ might also be relevant for the human disease.
The aim of the present study was to obtain further insights into the extent of the pEA␤ induced neurodegenerative process in transgenic mice. Additionally, we aimed to identify suitable experiments and behavioral tests which could be used as robust read out in future therapeutic studies. Therefore, the phenotypes of both homozygous and heterozygous TBA2.1 mice were analyzed in detail including their motoric abilities and disabilities, and cerebral pathology at different ages was compared to wild type littermates, to validate and extend the results of Alexandru et al. [11] . We have solely concentrated on the analysis of motor deficits, as motor impairment will bias standard cognition assays, like the Morris water maze, the novel object recognition test, and the Y maze, to name a few. The findings of this study extend the knowledge of the TBA2.1 mouse model as a suitable research model for treatment studies evaluating new drug candidates against AD, complementary to the AD mouse models exhibiting cognitive deficits.
MATERIAL AND METHODS

Ethics statement
All experiments were done in accordance with the German Law on the protection of animals and approved by LANUV North-Rhine-Westphalia (Germany, AZ84-02.04.2011.A359).
Animals
Heterozygous (HET) and homozygous (HOM) TBA2.1 mice exhibiting neuronal formation of pEA␤ were originally described on a C57BL/6 × DBA1 background [11] and were further crossed to C57BL/6 for more than four generations. Generation of TBA2.1 mice was described by Alexandru et al. [11] . Briefly, the chromosomal integration of the pre-pro-peptide of murine thyrotropin releasing hormone (TRH, Thyroliberin) was used, whereby the TRH was fused to the N-terminus of the modified human A␤ polypeptide A␤(Q3-42). Thus, A␤(Q3-42) expression was directed into the secretory pathway in neuronal tissue, based on murine Thy1.2 regulatory sequences. For final generation of pEA␤ , the N-terminally truncated A␤ species are posttranslationally modified by the endogenous glutaminyl-cyclase [11] . Wild type littermates (wild type, WT) were used as control mice. Mice were housed up to four per cage in a controlled environment on a 12/12-h light/dark cycle (lights on from 7 a.m.-7 p.m.), with 54% humidity, temperature of 22 • C, and food and water ad libitum. For breeding, only heterozygous mice were used. Homozygous mice were sacrificed at five months of age for ethical reasons due to the severity of the disease.
Animal experimental setup
Cross-sectional characterization of male TBA2.1 mice was initially based on phenotype assessment (SHIRPA test battery) and motor balance (accelerating rotarod) from two to five months of age using heterozygous (HET), homozygous TBA2.1 (HOM) and wild type littermates (WT).
To increase the understanding of the motor phenotype progression of individual homozygous TBA2.1 mice, a longitudinal study with a different group of male, homozygous, and wild type TBA2.1 mice was performed additionally. They were tested at 3 and 5 months of age in additional motor tests including open field test, clasping behavior, marble burying behavior, grip strength, and pole test. The phenotype of old heterozygous, male mice (HET) was analyzed at 18, 21, and 24 months of age in the SHIRPA test battery, motor balance (accelerating rotarod), pole test, grip strength, and marble burying behavior compared to WT.
Except for the SHIRPA assessment, all individuals were habituated in single cages before starting the particular test. All experimenters were blind to genotype and all tests were carried out at the same time of day. For each experiment, a minimum of 5 mice per genotype and group was used. A detailed listing of the mice used per experiment is given in Table 1 .
Phenotype assessment
The primary screen of the SHIRPA test battery was used to assess the phenotype [15] . This test consisted of the following subtests: abnormal body carriage, alertness, abnormal gait, startle response, loss of righting reflex, touch response, pinna reflex, cornea reflex, forelimb placing reflex, hanging behavior, and pain response. Mice were individually observed and scored in an arena of 42.5 cm × 18 cm × 26.5 cm (L × H × W). Scoring was defined from 0 (similar to WT) to 3 (extremely abnormal from WT). In every measurement, the body weight was also recorded.
Accelerating rotarod
Analysis of the motor coordination of the TBA2.1 mice was performed using a rotarod apparatus (Ugo Basile Srl, Comerio VA, Italy) and a previously published protocol [11] . The test was conducted in two days with one training and three test sessions. In the training on the first morning, the mice had to stay on the rod for at least 60 s at constant 10 rpm. In the afternoon as well as on the next day morning and afternoon, the mice had to run in three trials on the beam accelerating from 4 to 40 rpm. The total time on the beam of each trial was used for analysis and the maximum time was 10 min.
Grip strength analysis
Grip strength analysis of the forelimbs was evaluated using the Grip Strength Meter (Ugo Basile Srl, Comerio VA, Italy). Following the manufacturers protocol, TBA2.1 mice were placed with their forelimbs to a triangular grasping bar which they grip intuitively. The mice were pulled backwards until they release the holder. The peak force was measured three times in succession. The mean value of all three peak forces was used for analysis.
Modified pole test
The standard pole test evaluates basal ganglia related movement disorders [16, 17] . Owing to the severe motor phenotype of homozygous TBA2.1 mice, the following modifications were realized. The mice were placed with the head downwards instead of upwards on a vertical pole (height 50 cm, diameter 1.2 cm, rough-surfaced) and their movement downwards was rated. The runs were scored from 0 to 3 (0 continuous run, 1 part-way run, 2 slipping downwards, 3 falling down). This procedure was performed three times and the sum of all three scores was used for analysis.
Marble burying test
The marble burying test was used to assess generic and motor behavior of the mice [18] . The mice were placed in a housing cage with 5 cm bedding, and twelve opaque, green marbles (diameter 18 mm, arranged at regular intervals). After 30 min, marbles buried to more than 75% were counted by two independent experimenters. Mean of the counts were used for analysis.
Clasping test
To characterize innate clasping behavior, the mice were lifted up by the tail for 15 s. Trembling and/or cramping of the hind limbs was observed and scored (from 0 meaning similar to wild type mice until 3 meaning extreme abnormal behavior). This procedure was performed three times and the sum of all three scores was used for analysis.
Open field test
The open field test was performed to analyze the locomotive and explorative behavior of homozygous and wild type TBA2.1 mice at an age of 3 and 5 months. After habituation, mice were placed in a square-shaped arena (44 cm × 44 cm × 44 min), imaginarily divided into two departments: center and border zone (center: 22 cm × 22 cm, border: 44 cm × 44 cm). The mice were allowed to explore the arena for 30 min. They were recorded with a camera driven tracking system, Ethovision 11 (Noldus, Wageningen, The Netherlands).
Tissue preparation
The mice were sacrificed and the brains were analyzed. The right brain hemisphere was used for immunohistological analysis and the left hemisphere for biochemical analysis. Both hemispheres were stored at -80 • C until further processing.
Immunohistochemical analysis
A␤ load (antibody 6E10), neurodegeneration (antibody NeuN) and gliosis (antibodies against GFAP and CD11b) of 5 months old WT, 3 and 5 months old homozygous TBA2.1, as well as 18 and 24 months old wild type and heterozygous TBA2.1 mice were assessed by immunohistochemical or immunofluorescence analysis using 20 m thick, sagittal sections divided by a cryotome (Leica Biosystems Nussloch GmbH, Wetzlar, Germany). Five to seven brain sections per mouse were fixed and treated with 70% formic acid for antigen retrieval. The sections were washed and treated with 3% H 2 O 2 in methanol for elimination of endogenous peroxidases. After a further washing step, sections were incubated with the primary antibody over night at 4 • C in a humid chamber (6E10:1:1000, Bio Legend, San Diego, CA, USA; GFAP: 1:1000, DAKO, Agilent Technologies, Santa Clara, CA, USA; NeuN: 1:1000 Merck Millipore, Darmstadt, Germany, CD11b: 1:2500 Abcam, Cambridge, UK) in Tris buffered saline with 1% Triton X100 (TBST) with 1% bovine serum albumin (BSA).
Afterwards, sections were incubated with a biotinylated secondary anti-mouse or anti-rabbit antibody (both 1:1000 in TBST+1% BSA, Sigma-Aldrich, Germany). Staining was visualized by use of 3, 3'-Diaminobenzidine (DAB) enhanced with saturated nickel ammonium sulphate solution (homozygous mice, Figs. 6 and 9), or by use of secondary antibodies labeled with different fluorescence dyes (Goat anti-mouse IgG (H + L), Alexa Fluor 568, Goat antirabbit IgG (H + L), Alexa Fluor 488, Invitrogen, USA). Immunofluorescence sections were counterstained by DAPI (4 ,6-Diamidin-2-phenylindol) (Merck, Germany). Sections were mounted with DPX Mountant (Sigma-Aldrich, Germany) after washing in an ascending alcohol series. Images were taken with a LMD6000 microscope (Leica Camera, Germany) with a DFC310 FX camera (Leica Camera, Germany). The stained area of GFAP and NeuN (motor cortex, striatum, inferior colliculus, brain stem, and hippocampal region CA1), CD11b (inferior colliculus, brain stem), and particles of A␤ in different brain regions (6E10: sensorimotor cortex, striatum, hippocampal region CA1) in homozygous TBA2.1 mice and their non-transgenic littermates were analyzed. Additionally, A␤ particles (hippocampal CA1 region, Striatum) and DAPI counts (hippocampal CA1 region) in heterozygous TBA2.1 mice and their non-transgenic littermates were analyzed. Quantification was performed using ImageJ (National Institute of Health, Bethesda, MD, USA).
Enzyme-linked immunosorbent assay (ELISA)
To quantify the cerebral pEA␤ 3-42 levels the amyloid-beta (N3pE-42) ELISA (IBL International GmbH, Hamburg, Germany) was used. For that reason, the left brain hemispheres were homogenized with Tris buffer (20 mM Tris pH 8.3, 250 mM NaCl, Roche EDTA free Complete Protease Inhibitor) in the PreCellys24 homogenizer (2 × 20 s at 6.500 rpm, Bertin Technologies, Montigny-leBretonneux, France). The resulting homogenate was vortexed, 15 min sonified, vortexed again and centrifuged (175.000 g, 4 • C, 30 min). The pellet was incubated and resuspended with 0.2% diethanolamine (DEA) on ice and centrifuged. The supernatant, the DEA soluble fraction, was used for analysis. The pellet was incubated and resuspended with 70% formic acid (FA) on ice and centrifuged. FA is used to destroy all insoluble large A␤ structures, to provide the analysis of insoluble A␤ species. The interphase was taken and neutralized with 1 M Tris pH 11.3 representing the insoluble A␤ fraction. The pEA␤ level of the DEA soluble and the insoluble A␤ fractions were quantified in the ELISA using the manufacturer's protocol.
Statistical analysis
Gaussian distribution of all data was tested in the Shapiro-Wilk-Test. Normally distributed data were analyzed using either one-or two-way ANOVA (analysis of variance) with Fisher LSD post hoc analysis or t test. Repeated measurements (RM) were analyzed by use of one-or two-way RM ANOVA.
Non-parametric data were tested using the Friedman or Kruskal-Wallis test. Appropriate non-parametric post hoc analysis was performed with Multiple Comparison Tests by Dunn or by Dunnet. In order to avoid the use of an insufficient number of mice in the conducted experiments, power analyses were carried out to check the appropriate group sizes to achieve a biologically relevant effect (␣ = 0.05, ␤ ≤ 0.2). Power analysis was performed based on the experiments from Brener et al. and Dunkelmann et al. [19, 20] . A biologically relevant effect was set with regard to the changes between wild type and homozygous TBA2.1 mice from the recently published SHIRPA and rotarod results of Dunkelmann et al. [20] . According to the results of this study, 2 months old wild type mice revealed a mean SHIRPA score of 1.4 (SD 1.6). Assuming a biologically relevant effect of 200%, and a significance level of ␣ = 0.05 (5%) and ␤ ≤ 0.2 (20%), the expected power of the experiment is 80% by using 6 mice per group, or 90% by using 8 mice per group, respectively. Power analysis was performed by use of InVivoStat 2.5 (InVivoStat by Simon Bate and Robin Clark, United Kingdom, [21] ). No power analysis was performed for repeated measure analysis (e.g., rotarod), as it is not accessible with simple power analysis. All data are expressed as mean ± SEM. All statistical calculations were performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA), SigmaPlot Version 11 (Systat Software, Erkrath, Germany).
RESULTS
Appearance and motor coordination of transgenic TBA2.1 mice
To get a first impression of the motor neurodegenerative phenotype induced by pEA␤ 3-42 , we analyzed two, three, four, and five months old heterozy- Fig. 1 . Weight gain and phenotype assessment of wild type (WT), heterozygous (HET), and homozygous (HOM) TBA2.1 mice. The weight gain of HOM mice was reduced from 2 to 5 months compared to HET and WT mice (A). Phenotype assessment using the SHIRPA test battery revealed a bold phenotype of HOM TBA2.1 mice starting already at 2 months of age (B). Data is presented as mean ± SEM; *p < 0.05 and ***p < 0.001 versus WT.
gous (HET) and homozygous (HOM) TBA2.1 mice and their wild type littermates (WT). They were tested cross-sectionally in the phenotype assessment test and for motor coordination using the accelerating rotarod test. First of all, we analyzed the body weight of homozygous, heterozygous, and wild type mice at different ages. Body weight gain of homozygous mice was reduced compared to wild type and heterozygous mice (two-way ANOVA, F (3,95) = 18.2, p < 0.001; Fisher LSD post hoc analyses, WT versus HOM, 2 m p = 0.39, 3 m p < 0.01, 4 m p < 0.001, 5 m p < 0.001). This means, the body weight of homozygous mice was stabilized at about 22.9 ± 0.5 g, whereas that of wild type mice increased from 23.2 ± 0.4 g to 31.2 ± 0.6 g during the period of measurements, similar to the body weight of heterozygous mice (Fig. 1A) . The phenotype assessment revealed a neurological phenotype in homozygous mice already at two months of age with a five times higher score compared to wild type mice (twoway ANOVA, F (2,99) = 226.7, p < 0.001; Fisher LSD post hoc analyses, WT versus HET n.s., WT versus HOM p < 0.001 at all ages, Fig. 1B ). The score of homozygous mice, i.e., their phenotypic abnormalities, increased until five months of age. Among the phenotypic abnormalities, an impairment of lower sensorimotor functions (e.g., basic movements) in connection with the development of a kyphosis and a rigid gait could be observed. However, heterozygous mice appeared normal at this age.
Analysis of the motor coordination and motor learning of two months old mice showed similar performance regardless of the phenotype (Friedman test, not significant (n.s.)) ( Fig. 2A) . However, at the age of three months, the motor learning of the homozygous mice decreased when compared to the abilities of the wild type mice (Friedman test, p = 0.031, post hoc analysis WT versus HET n.s., WT versus HOM p < 0.05). A deficit in motor coordination was measurable at four and five months of age, too, although it only reached statistical significance at 5 months (Friedman test, p = 0.002, WT versus HET n.s., WT versus HOM p < 0.001). In contrast, motor coordination and learning of the heterozygous mice showed no significant differences in relation to the control wild type mice ( Fig. 2A-D) . These results indicated a proceeding phenotype in homozygous mice and no measurable abnormalities in heterozygous mice until five months of age.
Detailed investigation of the motor phenotype of homozygous TBA2.1 mice
In order to characterize the motor deficits of the homozygous mice in more detail, we performed additional tests with homozygous and wild type mice at an age of 3 and 5 months using the marble burying, clasping and pole tests, and measured their grip strength. Homozygous mice buried significantly less marbles already at an age of 3 as well as at 5 months compared to their wild type littermates (two-way RM ANOVA, F (1,13) = 33.9, p < 0.001, Fisher LSD post hoc analysis, WT versus HOM 3 m p < 0.001, WT versus HOM 5 m p < 0.001), with a progression of the impaired burrowing behavior of HOM TBA2.1 mice within this test from 3 to 5 months of age (two-way RM ANOVA, F (1,13) = 9.5, p = 0.009; Fisher LSD post hoc analysis, HOM 5 m versus HOM 3 m p = 0.027) (Fig. 3A) . Additionally, homozygous TBA2.1 mice showed a significantly reduced clasping score compared to the wild type littermates (two-way RM ANOVA, F (1,13) = 71.8, p < 0.001; Fisher LSD post hoc analysis, WT versus HOM 3 m p < 0.001, WT versus HOM 5 m p < 0.001), with a significant progression from 3 to 5 months of age (two-way RM ANOVA, F (1,13) = 63.8, p < 0.001; Fisher LSD post hoc analysis, HOM 5 m versus HOM 3 m p < 0.001) (Fig. 3B) . The grip strength of homozygous TBA2.1 mice was also significantly reduced at both ages analyzed in comparison to their wild type littermates (two-way RM ANOVA, F (1,13) = 95.2, p < 0.001; Fisher LSD post hoc analysis, WT versus HOM 3 m p < 0.001, WT versus HOM 5 m p < 0.001), here without a significant progression of their forelimb strength from 3 to 5 months (two-way RM ANOVA, F (1,13) = 0.01, n.s) (Fig. 3C) . Furthermore, in the pole test the mice showed similar deficits. Again, there was a significant difference in the performance of homozygous TBA2.1 mice at an age of 3 and 5 months compared to wild type littermates (two-way RM ANOVA, F (1, 13) = 160.9, p < 0.001; Fisher LSD post hoc analysis, WT versus HOM 3 m p < 0.001, WT versus HOM 5 m p < 0.001), and a significantly declined performance from 3 to 5 months of age (two-way RM ANOVA, F (1,13) = 5.3, p = 0.035; Fisher LSD post hoc analysis, HOM 5 m versus HOM 3 m p = 0.008) (Fig. 3D) .
In this study, we also performed open field tests for the assessment of the exploratory/anxiety related and locomotive behavior of 3 and 5 months old wild type and homozygous TBA2.1 mice. There was a significant difference between the times spent in border and center zones during the 30 min test for all mice at an age of 5 months but not between the groups, indicating similar anxiety related behavior of homozygous and wild type mice (two-way ANOVA, zone: F (1, 24) = 240.1, p < 0.001, genotype: F (1,24) = 2.1 × 10 −13 , n.s.) (Fig. 4A) . Nevertheless, there was a significant difference between the travelled distance of wild type and homozygous TBA2. (Fig. 4B) . A decline in the moved distance from 3 to 5 months of age could be observed within both analyzed genotypes, indicating a possible habituation effect (two-way ANOVA, F (1, 24) = 66.4, p < 0.001; Fisher LSD post hoc analysis, both p < 0.001) (Fig. 4B) .
Phenotype assessment and motor coordination of aged heterozygous mice
Since there were no significant differences in motor coordination in young heterozygous mice compared to wild type mice of the same age, we additionally analyzed them with 18, 21, and 24 months of age. Also, at that age motor coordination was similar between heterozygous and wild type mice (Friedman test, p < 0.001, Dunn test n.s.) (Fig. 5A ). In the phenotype assessment at the age of 21 and 24 months, heterozygous mice showed a minor, but significant phenotype compared to wild type littermates at the respective age (two-way ANOVA, F ( (Fig. 5C) , which was (Fig. 5B) . These minor changes are especially observable by an abnormal body carriage and gait, reduced pain response, and slightly reduced reflexes. A decreased body weight might be the result of a potential loss of muscle volume due to the reduced motor neuron innervation. The grip strength (two-way-ANOVA n.s) and the results of the pole test (two-way-ANOVA n.s.) of heterozygous mice were indistinguishable from those of the wild type mice (Fig. 5D, E) . These results indicated a beginning phenotype in the heterozygous mice starting from 21 months of age but without impairment of the motor skills as measured on the rotarod.
Aβ pathology of 3 and 5 months old homozygous and aged heterozygous TBA2.1 mice
To complement our findings of the behavioral tests, we analyzed the A␤ pathology and quantified the amount of A␤ (immunohistochemistry using antibody 6E10) in different brain regions (olfactory tubercle, striatum (caudate putamen), sensorimotor area (cortex) and CA1 region (hippocampus)) and the amount of pEA␤ 3-42 protein levels with biochemical quantification (ELISA). In most of the currently used AD mouse models, A␤ deposits are described as diffuse or compact plaques of a size from about 10 m 2 to a maximum size of 6,500 m 2 [22] . In contrast, A␤ deposits of homozygous TBA2.1 mice are much smaller (average size 148 m 2 , maximum size 987 m 2 ), and never diffuse, with more or less clear demarcation to their surrounding ( Fig. 6E-P) . In all analyzed regions, there was a significantly higher amount of A␤ particles in the brains of homozygous TBA2.1 mice at both ages compared to wild type littermates (cortex: one-way ANOVA F ( Quantifications of pEA␤ protein levels in the hemispheres of homozygous TBA2.1 mice revealed a significant amount of 1.6 ± 0.2 ng/ml of DEA-soluble pEA␤ , whereas the DEA-soluble fraction of the wild type hemisphere was below Fig. 5 . Motor behavior of wild type (WT) and heterozygous (HET) mice at 18, 21, and 24 months of age. Rotarod performance was equal among WT and HET at all ages (A). Phenotype assessment using SHIRPA test battery showed a minor motor phenotype in heterozygous mice at 21 and 24 months of age (C) while the body weight was also reduced at the same age (B). The grip strength (D) and performance in the pole test (E) were not impaired at any age. Data is represented as mean ± SEM and *p < 0.05. detection limit (unpaired two-tailed t test, p < 0.001). The insoluble fraction of pEA␤ was about 32.3 ± 4.3 ng/ml insoluble pEA␤ , which was statistically significant to the insoluble pEA␤ fraction of the wild type hemispheres (unpaired two-tailed t test, p < 0.05). The wild type insoluble pEA␤ 3-42 was about 12.3 ± 4.3 ng/ml representing endogenous murine pEA␤ (Fig. 7A, B) . All analyzed samples of the soluble Tris-fraction were below the detection limit.
Quantification of the amount of A␤ in the brains of 18 and 24 months old heterozygous TBA2.1 mice achieved a significant increase of A␤ in the hippocampus of 24 months old heterozygous TBA2.1 (Fig. 8A) . There was no significant change in the amount of A␤ particles in the striatum of all analyzed ages of heterozygous TBA2.1 mice (one-way ANOVA F (2,15) = 1.3, n.s. p = 0.31) (Fig. 8B) . Fig. 9 ). Within the striatum, no significant loss of neurons in 3 and 5 months old homozygous TBA2.1 mice was observed (one-way ANOVA F (2,13) = 21.3, n.s. p = 0.19) (Table 2, Fig. 9 ). Furthermore, no significant decrease of neurons was detectable within the motor cortex (one-way ANOVA F (2,13) = 21.3, n.s. p = 0.07).
Additionally, we analyzed activated astrocytes in and around the CA1 region, as well as in the striatum. There was no significant difference in the amount of activated astrocytes in the striatum between 5 months old wild type and 3 as well as 5 months old homozygous TBA2.1 mice (one-way ANOVA F (2,13) = 0.6, n.s. p = 0.59) ( Table 2 , Fig. 9 ), but there was a significant increase of GFAP positive cells in the CA1 region of the hippocampus. Here, we observed a significant increase of the amount of GFAP positive cells in 3 months old homozygous TBA2.1 mice compared to wild type mice. Interestingly, at 5 months of age, the GFAP positive area in the CA1 region of homozygous TBA2.1 mice dropped again to levels comparable of wild type mice (one-way ANOVA F (2, 13) Fig. 9 ).
To analyze the inflammatory processes in more detail, we performed additional CD11b staining to visualize and quantify activated microglia. We found CD11b positive areas in the brain stem, inferior colliculus, and a negligible amount of CD11b positive cells in parts of the thalamus and substantia nigra. Quantification revealed a significant increase of activated microglia in the brain stem of 3 as well as 5 months old homozygous TBA2.1 mice in comparison to 5 months old wild type mice (one-way ANOVA F (2, 15) Table 2 ). There was no significant difference observed within the midbrain (inferior colliculus) (one-way ANOVA F (2,15) = 2.71 n.s., p = 0.1, Table 2 , Fig. 9 ).
In addition, we analyzed the possible loss of neurons within the CA1 region of 18 and 24 months old heterozygous mice compared to 18 and 24 months old wild type TBA2.1 mice. Based on the DAPI nuclear staining and quantification, we found significant loss of nuclei in 18 and 24 months old heterozygous TBA2.1 mice compared to wild type mice at the same age (two-way ANOVA F (1, 24) (Fig. 10) .
DISCUSSION
AD has been intensively studied for more than 100 years in order to understand the underlying mechanisms for the development of neurodegeneration and to find an effective therapy to slow down or stop disease progression. In preclinical research, rodent models are frequently used and offer the possibility to verify hypotheses which are established based on experiments in vitro. AD is the most common neurodegenerative disorder and still, most of the animal models used do not exhibit all features of AD. While cognitive deficits, amyloid deposits or neurofibrillary tangles and some kind of inflammation are observable in many AD mouse lines, neurodegeneration is observed only in a few mouse models [23, 24] . There is an urgent need for mouse models, which develop neurodegeneration, because this is one of the major pathological hallmarks of AD in humans. To avoid further failures of AD clinical trials with A␤-targeting drug candidates, it is advisable to test the respective compounds in animal models that develop neurodegeneration based on A␤-aggregation mediated toxicity.
In this study, we used the TBA2.1 mouse model, which was previously introduced and described showing a pEA␤ induced neurodegenerative phenotype [11] . As reviewed by Bayer and Wirths, pEA␤ can be frequently found in plaques and CAA in the brains of human AD patients [25] . There, it is generated by cleavage of the first N-terminal two amino acids, aspartate and alanine, resulting in a newly formed N-terminus (glutamate at position three). Thereafter, a PTM occurs where glutamate is converted to pyroglutamate by cyclization via a glutaminyl cyclase. This PTM results in altered biochemical functions such as an enhanced oligomer- Fig. 9 . Gliosis and neuronal loss in homozygous TBA2.1 mice. Representative immunofluorescence and bright field images of the motorcortex, CA1 hippocampal region, striatum, and brain stem of a 5 months old wild type (WT), and 3 and 5 months old homozygous (HOM) mice illustrating activated astrocytes (GFAP, green, A-I), activated microglia (CD11b, bright field, J-K) and neuronal nuclei (NeuN, red, A-I). Counterstaining was performed with DAPI (A-I). ization tendency and higher neurotoxic properties [9] . In addition, more and more evidence exists that A␤ plaques are not responsible for synaptic dysfunction, neurodegeneration, and finally dementia. According to a hypothesis by Alexandru et al., the QC-dependent generation of pEA␤ x-42 could explain the discrepancy between healthy individuals with A␤ plaques and AD patients. To gain more knowledge about the clinical importance of pEA␤, the TBA2.1 mouse model was developed [11] .
Alexandru and colleagues first described some deficits of the homozygous mice, but did not look into the phenotype of heterozygous TBA2.1 mice in detail [11] . Thus, the aim of this work was to increase knowledge about the pEA␤ 3-42 induced neurodegenerative process in AD by validating and extending the existing findings with homozygous and heterozygous TBA2.1 mice. Furthermore, we aimed at identifying additional robust motor behavioral tests which are suitable for longitudinal monitoring of homozygous TBA2.1 mice in future therapeutic studies.
Our results confirm the progressive early-onset motor neurodegenerative phenotype of the homozygous mice using the SHIRPA phenotype assessment and the accelerating rotarod test. Additional motor related tests, namely marble burying, clasping, grip strength, pole test, and open field test, revealed severe motor impairments of homozygous mice already at an age of 3 months of which some progressed further until the age of 5 months. Most of these tests picked up not only motor disabilities but also deficits in the intuitive or generic behavior and the basal ganglia of the mice [26] . All proved to be suitable for a robust measurement of the phenotype of homozygous TBA2.1 mice and thus as a useful and meaningful read out in preclinical drug testing. In particular, those tests, which were able to measure phenotype progression, i.e., SHIRPA test, marble burying, clasping, pole test, and open field test, are considered useful for a potential longitudinal monitoring of a treatment success in the homozygous mouse model, as they can be applied repeatedly with little bias by learning or habituation processes. Actually, successful monitoring of a preclinical therapeutic study with this mouse model has already been demonstrated using the SHIRPA and rotarod tests [19, 20] . The number of mice used in the here described characterization study was based on our experience with this mouse model in these previous studies [19, 20] . This was also confirmed by statistical power analysis. In detail, the group sizes were sufficient considering an appropriate, biologically relevant effect, with regard to the changes between wild type and homozygous mice. Despite the profound phenotype in homozygous and Table 2 Neuronal loss and gliosis in homozygous TBA2.1 mice. Staining of activated astrocytes (GFAP), activated microglia (CD11b) and neuronal nuclei (NeuN) in 3 and 5 months old homozygous TBA2.1 mice (HOM) compared to 5 months old wild type littermates (WT). Quantification was performed in different brain areas (NeuN and GFAP: motor cortex, striatum, CA1, inferior colliculus, brain stem; CD11b: inferior colliculus, brain stem), resulting in a significant decrease of neurons in the CA1 region and, by trend, a decrease of neurons in the striatum. Analysis of gliosis revealed a significant increase of activated astrocytes and microglia in different brain areas, which are known to be involved in motor function in some parts also in heterozygous mice assessments using larger groups of mice allow for discrimination of smaller differences in certain brain regions or at younger ages and increase the statistical power. This has to be considered for planning of future treatment studies as a statistically significant effect might not be achieved with such small group sizes, especially if the treatment will not lead to complete reversal of the phenotype. Therefore, the use of larger group sizes is recommended for such preclinical therapeutic studies.
In heterozygous mice a mild, most likely starting phenotype initiating at 21 months was found in the SHIRPA phenotype assessment, which was confirmed by a drop in body weight. However, these phenotypic deficits did not have any impact on the motor abilities as tested in the rotarod test of the mice. Possible explanations are, on the one hand that the phenotype in heterozygous mice is only very slowly progressing, starting with abnormalities in the obviously very sensitive SHIRPA test and progressing further to motor disabilities. On the other hand, the number of analyzed heterozygous TBA2.1 mice was comparably low. One might speculate that by use of more mice per group a significant effect might have been achieved Nevertheless, the late-onset of phenotypic changes in heterozygous in comparison to homozygous mice suggests that the induced deficits are strongly dependent on the genedosage of the transgenic A␤(Q3-42) expression, and thereby pEA␤ 3-42 level rather than a threshold for initiating neuropathological processes as suggested before [11] . This hypothesis is further underlined by the analysis of the A␤ pathology, in which we were able to find significant changes in the hippocampus of heterozygous mice only at 24 months, an age when the striatum did not show pathology yet.
Furthermore, we analyzed the neuropathological changes in the brains of homozygous TB2.1 mice in more detail. A␤ was found in form of small aggregated particles widely spread over the brain, especially in the striatum, the CA1 region of the hippocampus, brainstem, and midbrain (inferior colliculus) confirming earlier reports [11] . Moreover, we observed A␤ aggregates in the somatomotor area of the cortex and the olfactory tubercle at all analyzed ages in homozygous TBA2.1 mice. As previously described, homozygous TBA2.1 mice showed a dramatic neuronal loss in the CA1 hippocampal region already at 3 months of age. In heterozygous mice, we assessed the number of nuclei in the CA1 region to be significantly reduced at 18 and 24 months of age compared to wild type littermates of the same age. We assume that heterozygous TBA2.1 mice will develop a similar pathology compared to homozygous TBA2.1 mice, but at a very old age when there are limitations to use them for possible therapeutic studies.
To further characterize the distribution of activated astrocytes and microglia in homozygous TBA2.1 mice in more detail, we quantified the GFAP and CD11b positive area in different brain regions. There was a significant increase of CD11b positive cells in the brain stem, indicating massive inflammatory processes in a region, which is known to be involved in motor functions. There was only a negligible amount of astrocytes in the striatum without a significant alteration of GFAP positive cells in homozygous TBA2.1 mice at all analyzed ages in comparison to their wild type littermates. In contrast, the amount of GFAP positive cells in the CA1 hippocampal region was significantly higher in 3, but not in 5 months old homozygous TBA2.1 mice. Although the number of analyzed mice was relatively small, the investigated effect here is in accordance with the results published by Alexandru et al. [11] . Since massive neuronal loss was observed at 3 and 5 months of age in this hippocampal area, these finding suggests a dysfunctional chemical transmission between neurons and astrocytes or in neuronal-glial synapses at the age of 5 months [27] , because within this age significantly less astrocytes were detectable in the CA1 hippocampal region compared to 3 months old homozygous TBA2.1 mice.
Depositions of A␤ aggregates in various brain areas, neuronal loss in the hippocampus and striatum in combination with severe motor deficits suggest that the basal ganglia might be affected in homozygous TBA2.1 mice. A␤ deposits and neuronal loss are found in nearly all structures of the basal ganglia organization. The connectivity of basal ganglia processes motor information about complex control loops, whereby the motor stimuli of the cortex are processed by the striatum, substantia nigra, globus pallidus, and thalamus whence the result is sent back to the cortex to give a motor output [28, 29] . Future work by us or others should pay attention on an in-depth analysis of the possibly dysfunctional basal ganglia network, since some of the accomplished motor behavioral tests reflect impairments of the basal ganglia network, which might be a further explanation for the severe motor impairments.
In contrast to the widely used APP or APP/PS expressing mouse models, for which only subtle neurodegeneration could be shown, homozygous TBA2.1 mice exhibit massive neuronal loss at very early age. A few mouse models are described in the literature expressing N-terminally truncated forms of A␤, especially pEA␤ and A␤ . Those models are characterized by neuronal loss, in particular detectable in the CA1 hippocampal region [30] [31] [32] [33] [34] . Moreover, they display either cognitive deficits alone or in combination with motor deficits. However, most of them develop neuronal loss or onset of the phenotype not before the age of 8 months. In contrast, the onset of the phenotype in homozygous TBA2.1 is observable already at 2 months of age and progresses rapidly [11, 20] . Due to the neuronal loss within the CA1 hippocampal region, which is a brain region involved in learning, one might expect that TBA2.1 mice will also display cognitive deficits. However, we have not addressed cognition within this study as the aim was to further characterize solely the motor phenotype. Whether there is indeed cognitive impairment has to be elucidated in future experiments. In any case, most of the behavioral tests for measuring cognitive deficits require motor skills, intact sensory function and reflexes [35, 36] . In these tests, mice are requested to explore areas (e.g., object recognition test or mazes) or react to external stimuli (e.g., passive avoidance task, fear conditioning memory test). To the best of our knowledge, dependence on intact motor and sensory function cannot be ruled out completely. Therefore, when testing homozygous TBA2.1 mice with compromised motor and reflex functions a learning effect might not be clearly detected since the neurological disorder will always bias the output. Due to this reason, tests for the evaluation of potential cognitive deficits in transgenic TBA2.1 should be selected and performed very carefully.
In summary, the findings of this study demonstrate a first evidence that the neurodegeneration in TBA2.1 mice is strongly dependent on the level of human pEA␤ as there is a clear gene-dosage dependence of all pathological manifestations and neurodegenerative phenotypes. The behavioral set ups validated here provide a robust read out, which is able to pick up progression of the degenerative phenotype of homozygous TBA2.1 mice. A model exhibiting a clearly progressive phenotype based on neuronal loss is of advantage for preclinical treatment studies, validating therapeutic substances targeting toxic A␤ species. Even though the homozygous TBA2.1 mice exhibit rapid progression of their phenotype, they have already successfully been used for treatment studies [19, 20] . Moreover, the results of the behavioral and pathological examinations propose the TBA2.1 mouse model as an additional suitable mouse model for longitudinal studies with substances targeting A␤, whose therapeutic efficacy was shown in an AD mouse model with cognitive deficits previously.
